Although the clinical outcomes of patients with multiple myeloma has improved tremendously with the advent of bortezomib and immunomodulatory drugs like thalidomide and lenalidomide, the disease remains incurable and patients will eventually be resistant to these drugs. Novel non-cross-resistant modalities of treatment are needed. Immunotherapy is potentially a very promising therapeutic modality for further development. Daratumumab is a novel, high-affinity, therapeutic human monoclonal antibody against a unique CD38 epitope. It induces tumor-cell killing through several immunological mechanisms. It has shown a favorable safety profile as monotherapy and significant single-agent activity in relapsed/refractory myeloma. It has also demonstrated strong synergism with lenalidomide and bortezomib. The potential of this agent, together with its pharmacokinetics, mode of action, early efficacy, and safety data will be detailed in this review.
Introduction

Management issues in the treatment of multiple myeloma
Multiple myeloma (MM) is a plasma cell malignancy, and the second most common hematological neoplasm. Its incidence increases significantly with age with a median age of diagnosis of about 70 years. 1 Since the 1990s, we have seen improved clinical outcomes among younger patients with the introduction of autologous stem cell transplantation (ASCT). Of late, the advent of novel agents, including the immunomodulatory drugs (IMiDs) thalidomide and lenalidomide and the proteasome inhibitor bortezomib, has revolutionized the treatment paradigm for MM. Survival outcomes for elderly patients who are not eligible for ASCT have also improved tremendously with novel agents. [2] [3] [4] [5] Currently, IMiDs and bortezomib are increasingly being incorporated into standard first-line regimens for treatment of MM, and they have resulted in improved disease outcomes compared with the disease outcomes of standard upfront regimens. However, most patients will still eventually relapse or become refractory to these agents whether received as part of first-line or second-line therapy. In the era of novel therapy, although MM patients are enjoying longer survivals, we are beginning to see more resistant and atypical relapses. 6, 7 Salvaging such patients becomes particularly challenging and their prognosis often remains dismal.
The treatment of myeloma is evolving rapidly. In addition to the five main active classes of drugs -alkylators (eg, melphalan and cyclophosphamide), corticosteroids (eg, prednisone and dexamethasone), proteasome inhibitors (eg, bortezomib and carfilzomib), IMiDs (eg, thalidomide and lenalidomide), and anthracyclines (eg, doxorubicin and liposomal doxorubicin) -that form the backbone of MM therapy, there remains a need for agents with novel modes of action. The addition of a different modality of treatment to the therapeutic armamentarium against MM will give us a better chance at overcoming drug resistance.
immunotherapy in MM
A promising treatment route is the development of immunotherapeutic approaches to target and eliminate MM cells more selectively. Allogeneic transplantation, the most established of immunotherapeutic techniques, may result in durable responses due to antitumor immunity mediated by donor lymphocytes. However, the morbidity and mortality related to graft-versus-host disease remain a challenge; this approach cannot be recommended as a standard of care and should only be carried out for carefully selected patients in the context of a clinical study. An important prerequisite for immunotherapy to be effective is the expression of tumorassociated antigens (TAAs) on tumor cells. Vaccination strategies targeting single antigens like the idiotype or whole cells have shown promise in clinical studies. Idiotype-loaded dendritic cells (DCs) have been used by various groups as vaccines to consolidate remissions after ASCT. [8] [9] [10] [11] [12] However, to date, there is still no compelling evidence from these Phase I and II studies that the natural course of MM can be altered by vaccination approaches. It is also unlikely that vaccination approaches can be applied on a wide routine basis. In light of the success of rituximab in the treatment of B-cell non-Hodgkin lymphoma, perhaps a more robust way of harnessing the immunogenicity of TAAs and eliciting myeloma-specific immune responses to eliminate the malignant plasma cell is through the development of therapeutic monoclonal antibodies (mAbs). Ideally, a useful target for mAb-based MM therapy should be expressed exclusively on the majority of the MM cells. A wide range of antigens may be targeted in MM therapy and they include cell surface receptors, signaling molecules involved in cell survival, antiapoptotic pathways and cell-to-cell communication, and the interactions between MM cells and bone marrow stromal cells. 13 Several diverse mAbs are currently being evaluated in preclinical and clinical studies. Mechanisms of action of these mAbs include antibody-dependent cellular cytotoxicity (ADCC), complement-dependent cytotoxicity (CDC), interference with receptor-ligand interactions, and mAb conjugation to radioisotopes or toxins. 14 Promising mAbs now being tested in clinical trials include elotuzumab (anti-CS1), siltuximab (anti-IL-6), and BT062 (anti-CD138). At present, elotuzumab is probably the most advanced in clinical development. Interestingly, as a single agent, its antitumor activity is only modest, but when combined with lenalidomide, an IMiD, overall response rates in excess of 80% are seen in Phase I and II studies. [15] [16] [17] Elotuzumab is now being investigated in a randomized Phase III trial in combination with lenalidomide and dexamethasone. Daratumumab is another novel mAb developed for the treatment of MM. Originally developed by Genmab (Copenhagen, Denmark), a global license and development agreement with Janssen Biotech, Inc (Horsham, PA, USA) was announced in September 2012. Daratumumab is a high-affinity, therapeutic human monoclonal antibody against a unique CD38 epitope. The potential of this agent, together with its pharmacokinetics, mode of action, early efficacy, and safety data, will be covered in detail in this review.
CD38 and its potential for targeting
CD38 is a small multifunctional glycoprotein that is expressed at relatively low levels on lymphoid and myeloid lineages, but is absent from most mature resting lymphocytes. 18 It is a 46 kDa type II transmembrane glycoprotein with a short 20-aa N-terminal cytoplasmic tail and a long 256-aa extracellular domain. 19 It serves not only as an antigen but also as an enzyme that catalyzes the metabolism of cyclic adenosine diphosphate ribose and nicotinic acid adenine dinucleotide phosphate, two structurally and functionally distinct calcium messengers that regulate the endoplasmic reticulum and lysosomal calcium stores, respectively. 20 In most cases of MM, CD38 is highly expressed on the cell surface. Coupled with its role in cell signaling, CD38 has been identified as an attractive target for therapeutic mAbs. 21, 22 Several mAbs to human CD38 that induce killing of neoplastic B cell lines have been generated. 23, 24 Two anti-CD38 antibodies are in clinical development at present. One is the humanized monoclonal antibody SAR650984 and the second one is daratumumab, a human anti-CD38 antibody that is generated in transgenic mice ( Figure 1 ).
Review of pharmacology, mode of action, pharmacokinetics, safety, tolerability, and efficacy
Daratumumab has broad-spectrum killing activity. It is able to induce killing of tumor cells via anti-Fc-mediated effector functions, CDC, natural killer cell-mediated ADCC, antibody-dependent cellular phagocytosis, and apoptosis upon secondary cross-linking ( Figure 2 ). 25, 26 It stands out from other CD38 mAbs in its strong ability to induce CDC in patient MM cells. Importantly, daratumumab-induced ADCC and CDC were not affected by the presence of bone marrow stromal cells, suggesting that it can effectively kill MM cells in a tumorpreserving bone marrow microenvironment. 25 In vivo xenograft studies 24, 25 have also demonstrated that daratumumab is highly active and is able to interrupt tumor growth at low dosing levels. Recent data has also shown that daratumumab is effective against MM cells derived from therapy-naïve or -refractory patients grafted in a humanized mouse model that closely simulates MM with its bone marrow microenvironment in the human body. 27 As targeting MM cells through various mechanisms is the primary goal of combination strategies aiming to overcome the development of drug resistance, daratumumab was further explored on the bench to demonstrate its potential when combined with other agents. A combination of daratumumab with lenalidomide was found to be highly synergistic. In a series of experiments using purified MM cells, MM cell lines, full bone marrow mononuclear cell suspensions derived from MM patients, and peripheral blood mononuclear cells isolated from lenalidomide-treated patients, the combination was shown to further augment cell killing as compared to the cell killing seen with either of the agents alone. 28 This is consistent with the observation seen with elotuzumab, whereby the administration of lenalidomide further stimulates the effector cells to enhance antibody-dependent lysis of MM cells. 16 The impact of combining daratumumab with two of the most promising frontline regimens in MM therapy, namely, lenalidomide/bortezomib with dexamethasone (revlimide/velcade/dexamethasone [RVD] regimen) and bortezomib/melphalan with prednisolone (velcade/melphala/prednisolone [VMP] regimen), has been further explored preclinically. 29 This involved using serial dilutions of prepared combinations of these agents alone or in the presence of daratumumab and incubating with MM cell lines and bone marrow mononuclear cells of MM patients. Addition of daratumumab was shown to almost double the cell killing potential of these two regimens. 29 There are now abundant preclinical data that show the versatility of daratumumab in killing CD38-expressing tumor cells effectively via diverse cytotoxic mechanisms and provide the proof of concept for the development of the drug as a single agent and in combination with other agents in the clinical arena. 25, [27] [28] [29] Daratumumab is currently being investigated in a Phase I/II safety-and dose-finding study for the treatment of patients with MM. [30] [31] [32] [33] Inclusion criteria for this study include patients who are .18 years and ineligible for ASCT, and have relapsed or are refractory to at least 2 different prior therapies. The study was based on a 3 + 3 doseescalation design. Daratumumab was administered over a 9-week period consisting of two pre-and seven full doses, with doses ranging from 0.005 mg/kg to 24 mg/kg. Steroids were administered to prevent infusion-related events up to a maximum dose equivalent to 27 mg dexamethasone per week. Updated results for 32 patients enrolled so far have been recently reported. 33 The most common adverse events reported were infusionrelated events (IREs) including bronchospasm, headache, dyspnea, and fever. The observed IREs occurred predominantly during the initial infusions. Nine percent of patients reported IREs during the pre-dose while 26% had IREs during the first full infusion. A gradual decrease in frequency was seen after the second full infusion. No dose relationship between dose and IRE was observed. Most IREs occurred within 3-4 hours of infusion. Two patients had grade 3 IREs while the remaining had grade 1-2 IREs. Prophylactic administration of steroids managed to reduce the incidence of IREs. Six serious adverse events (SAEs) were assessed as related to daratumumab: one case of grade 3 anemia (dose-limiting toxicity [DLT]) and one case of grade 4 thrombocytopenia, both from the 0.1 mg/kg cohort; one case of grade 3 elevated aspartate aminotransferase (AST) (DLT) at 1 mg/kg; one patient with grade 2 cytokine release syndrome (0.1 mg/kg); and two cases of grade 3 and 2, bronchospasm in the 2 mg/kg and 24 mg/kg cohorts, respectively. All patients managed to recover from the SAEs after relevant treatments.
With regard to the pharmacokinetic profile of daratumumab, peak plasma levels of the drug were typically reached after the first full dose. Rapid clearance of the drug was observed at low doses, indicating a target-mediated clearance. A high interpatient variability reflects the influence of tumor load on the phar-macokinetics of the drug. The observed plasma concentrations of daratumumab approached predicted values only at higher dose levels, indicating that the impact of target-mediated clearance becomes negligible at higher doses. Overall, the maximal tolerated dose (MTD) has not been reached yet.
Daratumumab displayed a dose-dependent efficacy where greater reduction in paraprotein levels of patients was observed at higher doses and a high area under the curve correlated with prolonged progression-free survival (PFS). Response rates by the International Myeloma Working Group (IMWG) criteria were evaluable for 15 of the 32 (47%) study patients who received 8 weeks of treatment in doses up to 24 mg/kg for the update at The American Society of Hematology (ASH) 2012 annual meeting. Four patients (13%) achieved a partial response, while six patients had a minimal response (19%). Five patients (16%) were noted to have stable disease. Eight of 12 patients (67%) receiving $ 4 mg/kg daratumumab had minimal disease or better. Biochemical responses were accompanied by clearance of MM cells from the bone marrow. 33 Increased daratumumab exposure correlated with longer PFS. 33
Future directions and potential for combination studies
Although the Phase I/II study did not assess quality of life issues, it is encouraging to see that, except for IREs, there were no major side effects and the drug was relatively well tolerated. [31] [32] [33] The once-a-week infusion and the uncommon occurrence of severe cytopenias would be seen as favorable, as patients would not need protracted hospital stays as would be expected of any salvage regimens in heavily pretreated patients. The currently planned multicenter Phase II/III studies would shed more light on patients' quality of life with daratumumab treatment. [31] [32] [33] The early results of daratumumab used as a single agent are impressive. In a group of heavily pretreated patients, considerable responses have already been observed with daratumumab monotherapy. [31] [32] [33] Dose-escalation studies 31 of daratumumab are in progress. When the MTD is established, an extension study with daratumumab as monotherapy will be conducted. 31 However, as the current clinical practice shows that the future of successful MM treatment lies in the use of drug-combination regimens, it appears essential to identify regimens in which individual components synergize to obtain the greatest achievable effects. Therefore, it comes as no surprise that daratumumab will be explored as a component of multidrug chemotherapy regimens including combinations with bortezomib and lenalidomide. 34, 35 This is predicated on convincing preclinical data showing the potential and synergism of these combinations. The potential role of cytotoxicity induced by the anti-CD38 antibody and the activation of effector cells with the immunomodulatory effects of lenalidomide could make this a very attractive combination for further clinical testing. In addition, with the current focus in MM therapy on consolidating and maintaining responses when a minimal residual disease state is attained, extended exposure for up to 24 months in MM patients with 8 mg/kg daratumumab as monotherapy will also be evaluated based 31,32 on the initial observation of a longer PFS with longer exposure and the good safety and tolerability profile of daratumumab.
Conclusion and place in therapy
Daratumumab is a novel, high-affinity, therapeutic human monoclonal antibody against a unique CD38 epitope with broad-spectrum killing activity. It has shown a favorable safety profile as monotherapy in patients with relapsed/ refractory MM. It also demonstrates significant single agent activity in this group of multiply pretreated patients. Abundant preclinical data 28, 29 supports its use in combination therapy and combination trials with bortezomib and lenalidomide are under way. 34, 35 In spite of recent advances, MM remains an incurable disease, and new approaches that induce long-term tumor regression with little cross-resistance with existing drugs are urgently needed. Immunotherapy with mAbs is a promising area of development that focuses on strategies to elicit myelomaspecific immune responses to eliminate the malignant plasma cells selectively. The introduction of daratumumab as a new class of drug in the battle against MM is timely. The eagerly anticipated results of further clinical studies in the future will hopefully fill the emergent need for improved treatment strategies in MM.
